into the forespore (Wu and Errington, 1997; BenIn parallel, total DNA from the formaldehyde-treated cells that had not been subjected to immunoprecipitaYehuda et al., 2003b).
We identified a developmentally regulated gene, racA tion was similarly amplified in the presence of Cy3-dUTP. The differentially labeled DNAs were then com-(for remodeling and anchoring of the chromosome), that is required for the formation of the axial filament bined and hybridized to a microarray that had been imprinted with DNAs corresponding to an almost comand for anchoring the origin regions at the cell poles Ta is concentrated at the extreme poles of the sporangium and also exhibits a general, nonspecific association ble S1 shows the full data set from two independent experiments.) The enrichment factor was the ratio of with the entire axial filament. Polar localization depends on the cell division protein DivIVA, which itself localizes the hybridization signal from the Cy5-labeled DNA from the immunoprecipitation to that from the Cy3-labeled, at the poles (Marston et al., 1998; Thomaides et al., 2001 ). In the absence of DivIVA, RacA is concentrated total DNA. The results were striking, revealing 25 distinct regions of preferential binding with enrichment at the outer edges of the nucleoid, where the origins of replication are located, but is not anchored at the exfactors at the peaks ranging from 9-fold to greater than 27-fold. Importantly, all 25 regions were located in the treme poles (Ben-Yehuda et al., 2003a; Wu and Errington, 2003). These findings suggest that RacA binds origin-proximal portion of the chromosome, within the portion that is trapped in the forespore compartment to sites clustered in the origin portion of the chromosome, which represents a centromere-like element. In by polar septation (shown in the enlargement of Figure  1B and indicated in red in Table S1 ). Some of the 25 this model, the centromere bound RacA molecules form an adhesive structure that directly or indirectly inregions were so close to each other that they are not easily distinguishable in Figure 1B but can be seen as teracts with DivIVA, thereby causing the chromosomes to adhere at the poles. In partial support for this model, being distinct in Table S1 . These 25 regions were spread out over a large stretch of the chromosome, exchromatin immunoprecipitation (ChIP) experiments revealed that RacA associates not only nonspecifically tending from position −412 to position +200 kb and covering a 612 kb segment of DNA. Interestingly, this with the entire chromosome but also with strong preference to regions located close to the origin of replication segment is asymmetric with respect to the origin, with twice as much of the DNA and 21 out of the 25 binding (Ben-Yehuda et al., 2003a).
To understand the nature of this centromere-like eleregions being located to the left of the origin ( Figure  1B , Table S1 ). Thus, our analysis revealed that RacA ment, we attempted to map the binding sites for RacA on a genome-wide basis and to identify the DNA seanchors the chromosome to the cell pole through a large, centromere-like element composed of multiple quence motif that RacA (or an unknown protein with which it interacts) recognizes. Here, we show that RacA binding sites spread out over, and asymmetrically distributed around, the replication origin. binds with high selectivity to 25 distinct regions distributed over 612 kb across the origin proximal portion of the chromosome (the portion that is trapped in the foreUsing Bioinformatics to Identify the RacA spore by the polar septum tal of 262 candidate motifs were identified by MDscan the replication origin (200 to the right and 418 to the left) gave an R square of 0.41, which means that conwith widths ranging from 6 to 17 bp. Next, each candidate motif, represented as a position-specific probsidering the presence of this motif alone explains 41% of ChIP-on-chip enrichment variations in the experiability matrix, was used to scan each ORF on the array plus flanking sequences and to assign to it a motifment ( Figure 2B ). The binding motif predicted by MDscan and Motif matching score based on the number of sites within the DNA segment that matched the motif (i.e., the number Regressor is presented in Figure 2A as a position-specific weight matrix (sequence logo) of 14 bp in length. of putative binding sites) and the extent to which each such site matched the motif (i.e., strength of the putaThe logo, which is strikingly rich in GC base pairs, is an inverted repeat, with the most conserved positions at tive binding site). Then, for each candidate motif, Motif Regressor was used to perform a simple linear regresthe outer edges. Scanning the peaks of the 25 regions of preferential binding with the sequence logo revealed sion between the logarithm of the motif matching scores and the logarithm of the enrichment factors obthat all except one (yxjF, which had an enrichment factor of 13.5) contained at least one sequence with served in the ChIP-on-chip analysis. In principle, a correct motif should exhibit a strong correlation between a significant match to the predicted binding sequence (Table S2) . Interestingly, all of the putative binding sites the motif matching scores and the enrichment factors, whereas incorrect motifs would not. Motif Regressor rein the peak regions of RacA binding were exclusively located inside ORFs, in contrast to the recognition seports candidate motifs by ascending regression p value, and the best motif reported ( Figure 2A ) had a p quences for transcriptional regulatory proteins, which are generally located in intergenic regions. Also notevalue of <<e-300, an R square of 0.13, and had been ranked the best motif by the MDscan at motif width 14.
worthy was that 20 of the RacA binding regions exhibited multiple copies of the sequence motif clustered Linear regression of the motif using only 618 ORFs near near each other (that is, either the ORF with the peak enrichment factor or its nearest neighbor contained more than one putative binding site; Table S2 ). For example, the peak corresponding to adjacent genes spsC and spsD, which exhibited an enrichment factor of ap- the sequence from the action of DNase I in footprinting formed with sporulating cells that were mutant for RacA experiments. Increasing concentrations of RacA were (data not shown). In contrast, amplification by radiolaallowed to bind to 32 P-end-labeled DNAs containing at beled PCR of ctpA, which lacks a potential RacA bindleast one putative binding site ( Figures 4A-4D ). The ing site as judged by bioinformatics analysis, revealed end-labeled DNAs were treated with DNase I, and the little or no enrichment with RacA antibodies (enrichresulting fragments were subjected to electrophoresis. ment factor of 0.4; Figure 3C, lanes 1 and 2) , which is in Footprinting was initially performed by using the 105 keeping with the findings of the ChIP-on-chip analysis bp DNA segment from ywjI, which contained sufficient (enrichment factor of 0.6; Table S1 ). The ctpA gene, sequence information to promote selective binding by which is located in the origin-distal region of the chroRacA in vivo, as demonstrated by the chromosome mosome (−2082 kb), is also dispensable both for growth translocation experiment. The results of Figure 4A deand sporulation and, hence, represented an ideal locamonstrate that RacA protected both the L and the R tion for insertion of the putative RacA binding sesites from DNase I digestion and that the regions of quences from ywjI. As controls, we performed radiolaprotection corresponded closely to the two 14 bp sebeled PCR with rocF (position −73 kb; representing a quences. Next, we asked whether RacA would bind to positive control; Figure 3D, lanes 1 and 2) , which we the L or R sites alone. Figures 3B and 3C (lanes 9-12 ) knew from previous work was enriched by immunoshowed that neither site alone was sufficient for strong precipitation with RacA antibodies, and dnaA (+0.2 kb; binding by RacA in vivo, but we were able to detect representing a negative control; Figure 3E , lanes 1 and selective binding of RacA to DNAs containing one or 2), which we knew was not enriched. The enrichment the other site in vitro when tested by footprint analysis. values were in agreement with our previous findings Similar results were obtained with ywhG ( Figure 4D ) and (Ben-Yehuda et al., 2003a), and we used rocF and dnaA yycJ (data not shown), which exhibited a high enrichin all of our subsequent experiments as standards for ment factor for RacA binding in vivo. Taken together, normalizing the results (as explained in the legend to these results reinforce the view that the 14 bp motif, Figure 3 ). which we named ram for RacA binding motif, is the Next, we deleted ywjI and inserted a 105 bp DNA recognition sequence for RacA, and RacA recognizes segment from ywjI (nucleotide positions 499-603 of its this sequence directly. coding sequence) that contained the two adjacent consensus sequences into ctpA ( Figure 3A) . Strikingly, the results show that the presence of the 105 bp insertion RacA Causes DNA Condensation was sufficient to increase the enrichment factor for RacA binds in a preferential manner to ram sites clusctpA (11.8, Figure 3B, lanes 3 and 4) Figures 3A and 3C, lanes 7 and 8) . In contrast, insertion causes DNA compaction and, if so, whether this comof a 105 bp segment from a region of ywjI (nucleotide paction involves RacA-RacA interactions, we investipositions 319-423) that lacked the putative consensus gated how RacA acts on non-ram-containing DNA in sequences failed to cause a measurable increase in the vitro. Our strategy was to measure the effect of RacA enrichment factor for ctpA ( Figures 3B and 3C, lanes 5 on the degree of compaction of individual tethered DNA and 6). Taken together, these results are consistent with molecules of phage λ (48.5 kb) as a function of force the idea that one or both of the 14 bp consensus seapplied to the DNA. Controlled forces were applied quences in ywjI are necessary and sufficient for preferusing the "magnetic tweezer" technique in which a ential binding by RacA in vivo. magnetic field was used to apply force to a paramagTo investigate whether both consensus sequences netic particle attached to the free end of the DNA (Figare required for binding, we constructed two additional ure 5A) (Skoko et al., 2004) . Phage λ (which is not native strains in which the ywjI consensus sequence on the to B. subtilis) lacks specific binding sites for RacA, and left (L, nucleotide positions 525-538) and on the right hence our experiments involved nonspecific binding of (R, nucleotide positions 564-577 of ywjI) were sepaRacA to the DNA. rately inserted at the ctpA locus ( Figure 3A) . Only a Figure 5A shows the result of a λ DNA compaction small enrichment factor was detected for each of the experiment. First, extension of a λ DNA was measured single consensus-containing constructs (Figures 3B in protein-free buffer as a function of applied force (Figand 3C, lanes 9-12) ments, we increased the force to 10 pN, fully extending even more highly condensed structure that required a force of 25 pN to open (data not shown). The conthe molecule. Then, we introduced buffer containing 80 nM of RacA into the sample and made extension meadensed structure is likely held together by strong RacARacA interactions, as inferred from its extreme stability surements at a series of gradually lowered forces (Figure 5A, solid circles, a to b) . At the initial high force (10 against force and even exposure to protein-free buffer (data not shown). pN), the length of the DNA was unchanged: RacA was unable to compact the DNA against this force. HowWe also performed time course experiments in which a RacA-DNA complex was allowed to form at 4.5 pN ever, when force was reduced to about 6 pN, we observed that the molecule began to be compacted. As ( Figure 5B ) and then was opened by increasing the force to 7 pN ( Figure 5C ). During folding ( Figure 5B ), force was reduced further, progressively more compaction occurred. Finally, when force was reduced to 0.6 a rather smooth contraction occurred with occasional more rapid runs of compaction of up to 200 nm. When pN, the length of the molecule had been reduced to about 4.5 m, about one-third of the full extension for subsequently opened, a pattern of interspersed slow and rapid decompaction was observed ( Figure 5C ). The naked DNA in buffer at that force. Thus, RacA by itself is able to condense a single, nonspecific DNA against overall smooth compaction and decompaction in our experiments at high forces indicate that DNA is being forces of up to 6 ± 1 pN (error was obtained from three experiments; see Figure S1 ). The condensation data in folded tightly into a condensed complex, rather than being loosely looped or crosslinked. Figure 5A were stable extensions obtained at each progressively lower force. The degree of compaction of the The capacity for RacA to compact λ DNA was highly concentration dependent. In experiments that used 40 RacA-DNA complex relative to bare DNA varied with force; at 0.6 pN the RacA-DNA complex was reduced nM of RacA, only mild compaction occurred for forces below 1 pN; for 20 nM RacA, no compaction was obto only about one-third the length of bare DNA.
Next, we began to increase force in an attempt to served (see Figure S2) . We caution that although these concentrations are far below the RacA concentration open the compacted structure ( Figure 5A, solid circles,  b to c) . Strikingly, even 10 pN forces were unable to during sporulation (w3000 molecules per cell, equivalent to w3 M), the RacA to DNA ratio in vivo is only restore the DNA to near its full 16.5 m length, indicating that RacA forms a highly stable, folded complex about one molecule per 3 kb, whereas in single DNA assay experiments of this type, the protein is in vast even with nonspecific DNA. When we allowed RacA to act at low force (w0.1 pN) , the DNA was folded into an excess. pared to that of condensins, which are bacterial and
